We report properties of devices made by the adhesion of semiconductor crystals, including several tetracene specimens, to polymer gate dielectrics along with measurements of tetracene crystals on conventional Si/SiO 2 dielectric surfaces. For the best tetracene, pentacene, and alpha-6T devices, mobilities exceeding 0.1 cm 2 /V were measured, correlating well with expectations based on the literature, and in the case of tetracene and alpha-6T, exceeding the thin film mobility value. The devices were prepared in the open laboratory using simpler crystal handling techniques than had been thought necessary.
I. INTRODUCTION
Starting from the very earliest investigations of organic semiconductor thin film field-effect transistors (FETs), there has been a desire to prepare devices using single crystals as the active materials to conduct the most rigorous fundamental experiments and also to understand the limits of thin film performance. It was appreciated that thin film device features, such as grain boundaries and interface stresses and inhomogeneities could affect, and even severely limit, the mobility measured across the entire area of a film. The effects of the grain boundaries, in particular, have been observed directly. 1 Data obtained from single-crystal devices would be useful in distinguishing thin film attributes from intrinsic limitations of bulk crystalline semiconductors of the same nominal composition. There is also the added attraction of fabricating circuits using preformed single crystals, thus separating the semiconductor single-crystal growth process from other device fabrication steps that might affect the semiconductor purity or stability.
The first single-crystal organic semiconductor FET was reported by the Horowitz/ Garnier group and used alpha-sexithiophene (␣6T). 2, 3 In this work, we report properties of devices made by the adhesion of semiconductor crystals to polymer gate dielectrics along with measurements of tetracene crystals on conventional Si/SiO 2 dielectric surfaces. Except for the vapor deposition of gold contacts, all sample handling and measurement were conducted in an open laboratory using simple and readily available equipment. Our results correlate well with those obtained from devices fabricated using much more stringent techniques.
II. RESULTS
Semiconductor crystals were grown by atmospheric pressure flowing gas tube furnace methods described previously. 4, 5 A film of dielectric polymer was spincoated onto a conductive substrate, generally indium tin oxide (ITO)/glass with an appropriate silane adhesion promoter (3-methacroyloxypropyltrimethoxysilane or phenyltriethoxysilane) applied on top. A crystal, typically ranging from 1 to 20 mm 2 in area and 30-m thick, was gently placed onto the film, either using forceps, by shaking the crystal from a glass tube through the air, or by floating the crystal from a pool of a nondissolving, volatile liquid such as hexane onto the film. The crystaldielectric assembly was annealed in an oven, sometimes under a weight of tens of grams. Finally, gold top contacts were evaporated through a screen, with the wires of the screen defining FET channels. Device characteristics were measured under conditions of ambient atmosphere, temperature, and pressure using adjacent gold pads as sources and drains and the conductive substrate as a common gate. Though results from the best devices are listed, two or more devices with similar properties were obtained for each semiconductor. Because of the differences in crystal shapes and topographies, each crystal must be considered as the basis of a unique device. Many of the experiments used tetracene (also known as naphthacene) crystals. Data from these experiments are summarized in Table I . Though the data represent best values for the type of device, multiple active devices were obtained from each material system. Dielectrics were polystyrene (PS), poly(ethyl methacrylate) (PEM), poly(␣-methylstyrene) (P␣MS), and poly(butyl methacrylate) (PBMA). As comparison, devices fabricated from tetracene crystals onto conventional Si/SiO 2 dielectric layers were also constructed by wetting the crystal onto a pool of a saturated THF/tetracene solution. The tetracene devices were prepared by evaporating "top" and "bottom" gold contacts as the source and drain electrodes (both configurations were tested and measured). This method of mounting the tetracene crystals with a saturated solution from the corresponding compound (i.e., tetracene) is believed to create molecular adhesion onto the SiO 2 dielectric layer without substantially decomposing the crystal itself. The crystals cannot stay in place using a nondissolving solvent. The devices fabricated in this manner were not annealed. A photograph of tetracene crystals with gold top contacts is shown in Fig. 1 .
Device data for the best device examined, described in the fifth row of Table I , are shown in Fig. 2 .
Several other semiconductors were also examined briefly. Data on these additional compounds are listed in Table II . The abbreviation 2PTTP2 refers to 5,5Ј-bis(4-ethylphenyl)-2,2Ј-bithiophene, synthesized as previously described for the bis(hexylphenyl) analogue. 6 A particular tetracene crystal mounted on Scotch tape and then placed on a rubbery silicone dielectric with gold bottom contacts displayed a mobility of 0.04 cm 2 /V, in line with the median mobility for all the tetracene experiments listed in Table I . (Higher mobilities are possible in this arrangement; data will be reported separately.) The very same crystal, after testing, was removed with its Scotch tape backing from the silicone and placed on a PBMA film (also with gold bottom contacts) and 
III. DISCUSSION
The properties of the tetracene devices are considerably dependent on the conditions to which the crystals are exposed during processing. The most favorable processing conditions, namely, nonpolar solvent and either compatible surface groups or a low dielectric glass transition temperature to allow for conformability during baking, led to a mobility that is of the same order of magnitude as that reported by Butko et al. and by de Boer et al. On the contrary, a SiO 2 dielectric layer does not provide the above features. No field effect was obtained with crystals loosely laid on SiO 2 surface using a nondissolving solvent. When a saturated dissolving solvent was used, lower mobility was measured despite the good adhesion of tetracene crystals to SiO 2 layer. Under these conditions, it is possible that the tetracene surface may be partially degraded. All of these mobilities, >0.1 cm 2 /V, while somewhat lower than those reported by de Boer et al., considerably exceed that reported for tetracene thin films by the Jackson group 7 for ambient temperature deposition on ordinary silicon dioxide, indicating that tetracene thin films are severely limited in mobility by intergrain barriers and/or poor grain connectivity unless special conditions are met. The single crystal mobility is 2-3 times higher than for tetracene deposited at reduced pressure, ultrahigh vacuum, on an octadecylsilyl monolayer.
The observed mobility in all of these top contact devices may also be limited by a resistance associated with injection of carriers from the top contacts through the thickness of the crystal, in a lower mobility direction, to reach the channel that is presumably formed at the dielectric interface. In the event that the channel is formed some distance above this interface, due for example to a discontinuous interfacial morphology or band bending, then the "inactive" lower part of the crystal would have to be considered part of the gate dielectric, which would diminish the gate capacitance and also lower the apparent mobility.
Of the other compounds, tetramethylpentacene, 8 pentacene, 9 and 2PTTP2 crystals (whose behavior is similar to other PTTP analogs in thin films 6 ) did not behave as well as the thin films. For 2PTTP2, the difference is slight and may be due to the highly visible cracking observed in the crystals after deposition. Crystals of 2PTTP2 are apparently too fragile to be handled using the current procedures, even though they are large and robust enough for structure determination by x-ray diffraction. Observed pentacene crystal mobility was lower by an order of magnitude compared to the best thin films reported by Klauk, and by Kelly and the 3M group (MRS Spring 2003 meeting, unpublished), in agreement with what was also observed by Butko et al. Pentacene single crystals are generally smaller and possibly more likely to be twinned than tetracene crystals. Tetramethylpentacene crystal was practically inactive, possibly due to a large contact barrier arising from the highly nonpolar methyl-rich surface. Rubrene crystal was considerably active but very difficult to mount onto the dielectric because of its more prismatic, rather than platelike habit. Rubrene appears to be quite conductive even in the absence of a gate field. Furthermore, in our experience, it is seems to be devoid of field effect as a thin film. The ␣6T experiment was most successful, with the mobility somewhat exceeding that of the device reported by Garnier, 2,3 and significantly higher than thin films of that compound. 3 It is possible for all of these devices that chemical inhomogeneities in the dielectric, stresses induced by baking, and contact barriers all limit the mobilities. Still, at least for tetracene, these factors are not particularly severe. The mobility decline between the tape-mounted crystal originally examined on the silicone substrate and then after baking on PBMA is not especially drastic considering the handling involved in the experiment. Though the experimental protocol used here may have been less hermetic, and the surfaces involved less smooth than would have been ultimately desired, certain attributes of the dielectric polymers were particularly advantageous. For example, the polarity or polarizablity of the surfaces may have promoted adhesion of the polarizable semiconductor molecules on the crystal surfaces. The motion of the surface groups on the dielectric films above their glass transition temperatures, especially in the case of PBMA, allowed some degree of conformability of the dielectric around the terraces of the crystals. (Poly(hexyl methacrylate) was found to be too soft to function as a gate dielectric, at least at room temperature).
The results reported here, taken together with other recent reports, show that high mobilities and on/off ratios can be obtained fairly directly from organic semiconductor single crystals, especially tetracene, using a variety of common device fabrication methods. The results should be interpreted as a survey, rather than as representing definitive intrinsic values for the semiconductors under observation. Much more work is needed to translate these methods into procedures that can lead reproducibly to functional circuits. Furthermore, the intrinsic field-effect mobilities of these crystals and the reasons why they may not necessarily be realized in actual single crystal or thin film devices remain to be determined.
